A small family of plant proteins, designated PSEUDO RESPONSE REGULATORS (PRRs), is crucial for a better understanding of the molecular link between circadian rhythm and photoperiodic control of flowering time in the dicotyledonous model plant Arabidopsis thaliana. Recently, we showed that the monocotyledonous model plant Oryza sativa also has homologous members of the OsPRR family (Oryza sativa PRR). In the previous experiments with rice, we mainly characterized a japonica variety (Nipponbare). By employing an indica variety (Kasalath), in this study we further characterized OsPRRs with reference to the photoperiod sensitivity Hd (Heading date) QTL (quantitative trait loci) implicated in the control of flowering time in rice. The circadian-controlled and sequential expression profiles of the five OsPRR genes were observed not only for Nipponbare but also for Kasalath. Then each of these OsPRR genes was mapped on the rice chromosomes. Among these OsPRR genes, OsPRR37 was mapped very closely to Hd2-QTL, which was identified as the major locus that enhances the photoperiod sensitivity of flowering in Nipponbare. Furthermore, we found that Kasalath has a severe mutational lesion in the OsPRR37 coding sequence.
Recent studies on the higher plant Arabidopsis thaliana have begun to shed light on the molecular bases of the plant biological clock. 1) A number of clockassociated components have been identified in this higher plant.
2) Among them, we have been characterizing a small family of proteins, designated ARABIDOPSIS PSEUDO RESPONSE REGULATORS (APRR1, APRR3, APRR5, APRR7 and APRR9).
3) Furthermore, we reported recently that rice also has homologous members of the OsPRR family (Oryza sativa Pseudo Response Regulator). 4) We found that the expression of these OsPRR genes are under the control of circadian rhythm, and that they are expressed in a diurnal and sequential manner in the order OsPRR73/OsPRR37 ! OsPRR95/OsPRR59 ! OsPRR1. These results suggest that the rice OsPRR genes might also play important roles within, or close to, the circadian clock. In these previous experiments, we employed a japonica variety (Nipponbare). Here we further characterized the OsPRR genes by employing an indica variety (Kasalath). The rationale behind the objective of this study is as follows.
In Arabidopsis thaliana, the best-characterized clockregulated event is the photoperiodic control of flowering time. 5) According to the currently consistent model for Arabidopsis, the clock-controlled crucial downstream components are GI (GIGANTEA), CO (CONSTANS), and FT (FLOWERING LOCUS T). Together they play crucial roles in the photoperiodic signaling pathway, through which certain genes for floral integrators are properly regulated so as to promote flowering in this long-day plant that flowers more rapidly in long-daylength photoperiodic conditions. In the short-day plant rice too, the homologs of GI, CO, and FT were recently found to constitute together an analogous photoperiodic pathway that controls flowering time. 6) In these studies of rice, the analysis of natural allelic variation has contributed significantly to the exploration of genes that are involved in determining flowering time. [7] [8] [9] [10] [11] [12] A number of the rice QTL (quantitative trait loci) for flowering time (or heading date) have been mapped on the rice genome through extensive crossing between two rice variants: Nipponbare (a japonica variety) and Kasalath (an indica variety). 10) 14 of photoperiod sensitivity Heading date QTL have been roughly mapped on the rice chromosomes (designated Hd1 through Hd14 in Fig. 1 ). Three of these have already been characterized at the molecular level. In particular, the rice homologs of CO and FT were identified as the products of Hd1 and Hd3a respectively. 9, 12) Note found to encode the subunit of casein kinase II (CK2), 11) which has also been implicated as a regulator of the circadian clock in Arabidopsis thaliana.
2) These facts suggest that these key players for the control of flowering time are evolutionarily conserved in both the long-day and short-day plants.
Considering above, in this study we speculated that any one of the OsPRR family genes might correspond to an as-yet-uncharacterized Hd-QTL. To test this idea, we mapped each OsPRR gene on the rice chromosome, based on the chromosome-aligned genome sequence information released by the International Rice Genome Sequencing Program (http://rgp.dna.affrc.go.jp/). Then we experimentally confirmed these results by analyzing a set of backcrossed-inbred lines (data not shown), which had previously been established by Lin et al.
7)
The results are schematically summarized in Fig. 1 . The determined map positions of three genes (OsPRR1, OsPRR59, OsPRR95) are apart from any of the Hd-QTL positions. But, the OsPRR73 gene was localized near Hd8-QTL on chromosome 3, whereas the OsPRR37 gene was mapped very close to Hd2-QTL on chromosome 7.
In order to evaluate these findings, we needed to characterize the circadian-controlled expression profiles of OsPRRs in Kasalath in comparison with those in Nipponbare, because the Hd-QTL map was constructed by crossing between Nipponbare and Kasalath. Young rice seedlings (both Nipponbare and Kasalath) were grown with synthetic MS medium for 14 d under 8 h light/16 h dark (LD) cycle in a temperature-controlled (30 C) growth chamber. RNA samples were prepared at intervals (3 h), and analyzed by Northern blot hybridization with probes specific to OsPRR73, OsPRR37, OsPRR95, OsPRR59, and OsPRR1 respectively, as described previously.
4) The diurnal and sequential expression profiles of the OsPRR genes were observed in the LD cycles for both Nipponbare and Kasalath in very similar manners ( Figs. 2A and B respectively) . It might be also noteworthy that the diurnal rhythms of OsPRR59 were not very robust in either Nipponbare or Kasalath, as reported previously for Nipponbare. 4) Both the plants entrained to LD cycles (12 h light/12 h dark) were also released into continuous darkness (DD) conditions in order to see free-running circadian rhythms (Figs. 2C, D , and E). The rhythms of OsPRR95, The physical mapping of the OsPRR genes on the rice chromosomes were carried out by employing chromosome-aligned genome sequence information released by the International Rice Genome Sequencing Program (http://rgp.dna.affrc.go.jp/). In addition, the results were experimentally confirmed by analyzing an appropriate set of backcrossed-inbred lines. OsPRR1 was localized between C41 and S10844 (see the RFLP, Restriction Fragment Length Polymorphism, makers at the WWW site http://rgp.dna.affrc.go.jp/publicdata/geneticmap2000/index.html). Similarly, OsPRR37 was mapped between S1979 and E50187S, OsPRR59 between C83B and C7944, OsPRR73 between S2072 and S1524, and also OsPRR95 was between R3330 and C985. These positions are mapped on the rice chromosome high-density RFLP map (see each shaded rectangles), together with the map positions of 14 Hd-QTLs for flowering time.
10) Among these Hd-QTLs (termed Hd1 through Hd14), the corresponding genes have already been identified for Hd1, Hd3a, and Hd6 (they are indicated by solid rectangles). [7] [8] [9] [10] [11] [12] Other Hd-QTLs have not yet been clarified at the molecular level, and their approximate positions are indicated by open circles. It should be noted that the OsPRR37 gene was mapped very close to Hd2-QTL. As mentioned above, our results indicate that the OsPRR37 gene was mapped between S1527 and E50187S, whereas it has been reported that Hd2-QTL was mapped very close to C728, which is located between S1527 and E50187S (see ref. 10 and references therein; see also http://rgp.dna.affrc.go.jp/giot/INE.html).
OsPRR73, and OsPRR1 were sustained even in DD in both Nipponbare and Kasalath, and their free-running rhythmic profiles were very similar. Interestingly, the rhythms of OsPRR37 were rapidly dampened in DD in both plants (data not shown). These results suggest that the OsPRR genes are well conserved in both the japonica and indica varieties, and also that the circadian-controlled expression profiles of the Kasalath OsPRR genes are very similar to those of Nipponbare, at least at the level of transcription. Therefore, we further examined and compared the coding sequences of the OsPRR genes between Nipponbare and Kasalath, particularly with special reference to the OsPRR73 and OsPRR37 genes. We determined directly the nucleotide sequences of the Nipponbare and Kasalath OsPRR73 and OsPRR37 genes, respectively. The results are summarized in Fig. 3 . In the case of OsPRR73, there are two nucleotide variations (or polymorphisms) between Nipponbare and Kasalath. For instance, Nipponbare has ''A'' at position 203 in the OsPRR73 coding sequence (or cDNA sequence), while Kasalath has ''G'' at the same position (this was referred to as ''A-203-G''). This polymorphism results in an amino acid substitution: OsPRR73 of Nipponbare has a glutamine (Q) residue at position 68, while Kasalath has an arginine (R) residue (this was referred to as ''Q-68-R''). Another polymorphism in OsPRR73 is T-1164-A, which does not result in an amino acid substitution. Based on these results, it was reasonable to assume that the OsPRR73 genes of Nipponbare and Kasalath are nearly identical. In the case of OsPRR37, however, there are many polymorphisms between Nipponbare and Kasalath, most of which result in certain amino acid alterations (Fig. 3) . More strikingly, the Kasalath nucleotide sequence has a severe lesion at position 2113 (C-2113-T), which results in a premature termination codon (Q-705-Stop) in the conserved CCT motif. It should be emphasized that the CCT motif is invariantly conserved in all PRR family members. 4) Considering also the fact that the CCT motif acts as an nuclearlocalization domain, it was reasonable to assume that the Kasalath OsPRR37 gene has a severe mutational lesion.
The results of this study provided us with new implications as to the OsPRR family proteins, as follows. The Arabidopsis PRR family proteins are 4) The amounts of RNA used were 20 mg (for OsPRR73, OsPRR95, and OsPRR1) or 30 mg (for OsPRR37 and OsPRR59). In order to ensure that the amounts of RNA loaded onto each lane were equivalent, rRNA (loading reference) was detected for each blotted gel (such reference data are not shown for clarity of this figure). (C, D, and E) Rice plants (both Nipponbare and Kasalath) were grown under the 12 h light/12 h dark (LD) cycle for 14 d, and then released to continuous darkness conditions (DD), as schematically indicated (filled bars indicate darkness). RNA samples were prepared, and analyzed as described above. The transcripts analyzed were: (A) OsPRR95, (B) OsPRR73, and (C) OsPRR1. The raw data (lower panels) were quantified by normalizing with the rRNA-values. The quantified data are shown schematically as the relative amounts of transcript (upper panels), for which the maximum level of transcript was taken arbitrarily to be 10, in order to clarify the profile (red lines for Nipponbare, blue lines for Kasalath).
interesting because they are critically involved in the mechanism underlying the circadian rhythm and the photoperiodic control of flowering, as recently summarized.
3) Previously we found that rice also has a homologous set of circadian-associated OsPRR members by examining the cultivar variant Nipponbare (a japonica variety). 4) By newly employing Kasalath (an indica variety), in this study we further found that the circadian-controlled OsPRR genes are conserved in both the japonica and indica varieties (Fig. 2 ). Among these conserved OsPRR genes, we found that the chromosomal location of OsPRR37 is very close to the photoperiod sensitivity QTL, named Hd2, that affects the flowering time of rice (Fig. 1) . It was then found that Kasalath has a severe mutational lesion in this OsPRR37 coding sequence (i.e., there is a premature termination codon in its CCT-motif), as compared with that of Nipponbare. Although these findings are preliminary, they provided us with an insight into the general issue with regard to the clock-controlled and light-controlled flowering time of rice. Yano and his colleagues have extensively been characterizing a series of HdQTLs. [7] [8] [9] [10] [11] [12] The results of their genetic analyses indicated that the Hd1 and Hd2 loci are the major photoperiod sensitivity QTLs, and also that there are clear epistatic interactions between these loci. It was suggested that Nipponbare alleles at the Hd1 and Hd2 loci are both functional, so as to enhance the photoperiod sensitivity. 8) Indeed, it was found that the Hd1 locus of Nipponbare encodes a CO-like protein, and that Kasalath has a severe mutational lesion in the corresponding coding sequence. 9) Accordingly, Kasalath is expected to have a mutational lesion also in the Hd2 coding sequence, although the gene corresponding to the Hd2 locus has not yet been identified. In this connection, the results of this study indicated that Kasalath has a mutational lesion (Fig. 3) in the OsPRR37 gene that is mapped very closely to the Hd2 locus (Fig. 1) . It is thus tempting to speculate that the Hd2 locus might correspond to the circadian-associated OsPRR37 gene, but verification of this hypothetical view remains a challenge for the future. In any case, Kasalath will be useful for characterizing the functions of OsPRRs because this cultivar variant carries a naturally occurring mutational lesion in the OsPRR37 gene (Fig. 3) . Further characterization of these OsPRR genes should shed light on the molecular link between the circadian rhythm and photoperiodic control of flowering time in rice. The entire coding sequences (or exons) of the OsPRR73 and OsPRR37 genes were directly sequenced for Nipponbare and Kasalath respectively. The entire coding sequences (or cDNAs) determined were deposited in the DDBJ databank under the following accession numbers: OsPRR73-Nipponbare, AB189040; OsPRR73-Kasalath, AB189043; OsPRR37-Nipponbare, AB189039; OsPRR37-Kasalath, AB189042. From these nucleotide sequences, the amino acid sequences of OsPRR73 and OsPRR37 were deduced, and they were compared between Nipponbare and Kasalath. The results are schematically summarized in these figures. Other details are given in the text.
